Understanding genetic diversity and population structure is prerequisite to broaden the cultivated base of any crop. In the current investigation, we report discovery of a total of 319 alleles by assaying 81 SSRs on 71 chickpea genotypes. The cluster analysis based on Jaccard coefficient and unweighted neighbor joining algorithm categorized all genotypes into two major clusters. Cultivars grown within the same agro-climatic zones were clustered together, whereas the remaining genotypes particularly advanced breeding lines and accessions assigned to another cluster. Population structure analysis separated the entire collection into two subpopulations (K = 2) and the clustering pattern remained in close agreement with those of distance-based methods. Importantly, we also discovered marker trait association for membrane stability index (MSI) and leaf chlorophyll content measured as SPAD chlorophyll meter reading (SCMR), the two important physiological parameters indicative of heat stress (HS) tolerance in chickpea. Association analysis using both general linear and mixed linear models of the mean phenotypic data of traits recorded in 2016 and 2017 uncovered significant association of NCPGR206 and H2L102 with the MSI trait. Likewise, SSR markers GA9, TR31 and TA113 exhibited significant association with SCMR trait. The genomic regions putatively linked with two traits may be investigated in greater detail to further improve knowledge about the genetic architecture of HS tolerance in chickpea.
Introduction
Globally, chickpea (Cicer arietinum L.) is the third most important grain legume crop after common bean (Phaseolus vulgaris L.) and pea (Pisum sativum L.). A total of 14.2 Mt chickpea is harvested annually from 14.8 m ha area worldwide with an average productivity of 0.96 t ha −1 (FAO 2014) . With nearly 80% contribution to global chickpea production, India together with Southern and South-Eastern Asia remains the largest producer (Gaur et al. 2012) . Like other grain legumes, chickpea plays a key role in addressing malnutrition related issues by offering plant-based dietary protein coupled with essential micronutrients and vitamins (Graham and Vance 2003) . Also, chickpea helps enriching soil fertility through symbiotically fixing the atmospheric nitrogen to soil (Graham and Vance 2003) .
Rigorous breeding efforts have led to the development and release of several high-yielding chickpea cultivars adapted to various agro-climatic zones in India (AICRP on Chickpea 2014). Potential yield of chickpea, however, remains unrealized and this may be due to several reasons including the vulnerability of this crop to a range of biotic and abiotic stresses (Jha et al. 2014a) . Genetic bottleneck associated with the domestication process followed by human-led selection has caused significant loss in genetic diversity of chickpea (Abbo et al. 2003) . At the same time, intensive breeding efforts focusing mainly on the development of high-yielding genotypes have resulted in narrow genetic base of cultivated gene pool, thus rendering these cultivars prone to a variety of biotic and abiotic stresses (Upadhyaya et al. 2008) . In this respect, information about the genetic diversity available in crop's gene pools facilitates broadening the genetic base of chickpea and assists accelerating genetic gains of the crop. To analyze genetic diversity for guiding selection of diverse parental combinations for hybridization, the role of molecular marker has been evident across different crops.
Several attempts have been made to investigate the genetic diversity in chickpea using diverse DNA marker systems such as random amplified polymorphic DNA (RAPD) (Ahmad 1999; Iruela et al. 2002) , amplified fragment length polymorphism (AFLP) (Nguyen et al. 2004; Shan et al. 2005) , inter-simple sequence repeat (ISSR) (Choudhary et al. 2013a; Aggarwal et al. 2015) , simple sequence repeat (SSR) (Upadhyaya et al. 2008; Bharadwaj et al. 2010; Sefera et al. 2011; Keneni et al. 2012; Choudhary et al. 2012a; Ghaffari et al. 2014; Saxena et al. 2014; Hajibarat et al. 2014 Hajibarat et al. , 2015 De Giovanni et al. 2017 ) and single nucleotide polymorphism (SNP) (Bajaj et al. 2015a) . Among the various DNA marker systems, SSRs are still preferred by the research community due to their co-dominant inheritance, high reproducibility and greater abundance across the genome (Gupta and Varshney 2000) . Assessment of genetic diversity in chickpea so far has primarily focused on accessions of primary gene pool including Cicer reticulatum and C. echinospermum (Upadhyaya et al. 2008; Choudhary et al. 2012a Choudhary et al. , 2013a . However, studies on population structure and genetic diversity of high-yielding chickpea varieties adapted to different agro-climatic zone of India, along with advanced breeding lines remain limited. In the current study, we here conducted an SSR-based diversity analysis of 44 chickpea varieties cultivated across diverse agro-climatic zones in India along with 27 genotypes that cover germplasm accessions, advanced breeding lines and landraces. Given the fact that up to 53 kg/ha of chickpea yield is lost due to heat stress (HS) (Kalra et al. 2008; Jha et al. 2014a, b) , we recorded data on membrane stability index (MSI) and SPAD chlorophyll meter reading (SCMR) in the panel. The MSI and SCMR represent the two key physiological traits related to HS tolerance in chickpea. Finally, we performed association mapping to discover putative MTAs explaining variation for the studied traits.
Materials and methods
A set of 71 desi chickpea genotypes comprising 44 varieties and 27 genotypes including accessions from ICRISAT Hyderabad, advanced breeding lines (from IIPR, Kanpur, and JNKVV, Jabalpur, India) and landraces was used in the present study (see Supplementary File Table 1 ). Importantly, the panel also involved heat tolerant and sensitive genotypes as reported by previous researchers (Krishnamurthy et al. 2011; Jha and Shil 2015; Gaur et al. 2016) .
DNA extraction and SSR analysis
Genomic DNA was extracted from plant leaves following the CTAB method. A total of 120 SSR markers were screened in the collection, of which 81 SSRs yielded polymorphic fragments. The SSRs used here are reported previously by different research groups (Winter et al. , 2000 Sethy et al. 2003 Sethy et al. , 2006 Gaur et al. 2011; Choudhary et al. 2012b ) and correspond to all eight linkage groups (LGs) of chickpea (Table 1) .
PCR analysis
PCR was carried out in a 10 µl reaction mixture that contained 5.9 µl of sterilized distilled water, 1.00 µl template DNA (25 ng), 0.5 µl of forward and 0.5 µl of reverse primer (5 µM), 1.00 µl 10 × PCR buffer (10 mM Tris-Hcl, 50 mM KCl, pH 8.3), 1.00 µl dNTP mix (0.2 mM each of dATP, dGTP, dCTP and dTTP) and 0.1 µl Taq polymerase (5 U/ µl) (Thermo Fisher Scientific Mumbai, India, Pvt. Ltd.) using G-40402 thermo cycler (G-STORM, Somerset, UK). A touchdown PCR profile was used for amplification with initial denaturation at 94 °C for 5 min followed by 10 cycles of touch down 61-51 °C, 30 s at 94 °C, annealing for 30 s at 61 °C (the annealing temperature for each cycle being reduced by 1 °C per cycle) and extension for 30 s at 72 °C. This was accompanied by 40 cycle of denaturation at 94 °C for 30 s, annealing at 51 °C for 30 s, elongation at 72 °C for 45 s, and 10 min of final extension at 72 °C. Amplified fragments were resolved in 3% agarose gel using 0.5 × TBE running buffer and images were analyzed with Quantity one software (Bio-Rad, CA 94547, USA).
Genetic diversity and population structure analysis
The genetic diversity parameters viz., number of alleles per locus (Na), gene diversity (He) and polymorphism information content (PIC) were analyzed by Power Marker v. 3.25 (Liu and Muse 2005) . With 1000 bootstrap value, neighborhood joining tree analysis was performed with DARwin v. 6.0.13 (Perrier and Jacquemoud-Collet 2006) . DARwin v. Sethy et al. (2006) 6.0.13 was also used for factorial analysis, while principal coordinate analysis (PCoA) was performed using GenAlEx v. 6.502 (Peakall and Smouse 2012) . To determine population structure (Q) and the subpopulation (K) in the given set, model-based analysis was conducted with STRU CTU RE v 2.3.4 (Pritchard et al. 2000) . By applying admixture model, five independent runs were conducted with 200000 Markov Chain Monte Carlo (MCMC) iterations for each K value ranging from 1 to 10 with a burn-in length of 200. In parallel, the best K value was obtained according to the ΔK method of Evanno et al. (2005) by processing the STRU CTU RE results by STRU CTU RE HARVESTER (Earl and von Holdt 2012) (http ://tayl or0.biol ogy.ucla .edu). 
Analysis of MSI and SCMR in the panel
The data on these two traits were recorded at reproductive stage from 71 genotypes for consecutive 2 years (2016 and 2017) under late sown condition. The mean weekly temperature during crop growth is shown in Fig. 1 . The genotypes were grown in augmented design along with three checks in five blocks. The third leaf from the top of each genotype was selected for recording observations on MSI and SCMR. The MSI was estimated based on electrolyte leakage under stress (Sullivan 1972) and was calculated using the following formula given by Blum and Ebercon (1979) . MSI = 100 − membrane injury index (MII),where MII is calculated as a ratio of C1 and C2, with C1 and C2 representing the electrolytes measured at 40 and 80 °C, respectively. Similarly, SCMR is used as an indirect measure of leaf chlorophyll content. Three SCMR measurements were recorded in third fully expanded young leaf from the top at reproductive stage using a non-destructive, portable SPAD-502 chlorophyll, meter and averaged subsequently.
Statistical analysis
Analysis of variance (ANOVA) was performed for year-wise data for the two traits using SAS v.9.2. A combined analysis of variation over years was carried out for partitioning the phenotypic variance into year, genotype, and error variances. To study the genotypic variation in the given panel of genotypes, various descriptive statistics including mean, median, standard deviation (SD), standard error, coefficient of variation and broad sense heritability were computed based on the phenotypic data recorded for the two traits in the genotypes.
Association mapping to detect significant MTAs
The phenotypic data on MSI and SCMR traits and the genotypic data were analyzed to discover significant MTAs. Both models viz., general linear (GLM) and mixed linear (MLM) based on Q and Q + K matrix, respectively, were employed. TASSEL v. 3.0 (Bradbury et al. 2007; Zhang et al. 2010 ) was used to detect MTAs, and P = 0.05 was considered as a significance threshold.
Putative candidate gene analysis
To find the possible candidate genes that correspond to the reported MTAs and the putative proteins encoded by these, we performed BLASTn search for the associated SSRs against the reference genome sequence of chickpea (CDC frontier) (Varshney et al. 2013) . In parallel, the proteins were predicted for the corresponding sequences using InterPro (IPR).
Results

SSR analysis
In the current study, genotyping of 71 chickpea genotypes with 81 SSRs provided a total of 319 alleles with an average of 3.9 alleles per marker ( Table 1 ). The number of alleles ranged from 1 to 8, and the maximum number of alleles was obtained for the markers TS53, TA106 and TS54 (Table 1) .
The PIC values ranged from 0.29 to 0.81 with an average of 0.53. Similarly, gene diversity varied between 0.3 and 0.8 with a mean value of 0.6. Interestingly, a comparative (decade wise) analysis of different cultivars released over the last 50 years suggested an overall improvement of genetic diversity based on estimated gene diversity with the values ranging between 0.36 and 0.83 (Table 2) .
Genetic diversity analysis and relationships among the chickpea genotypes
The cluster analysis based on unweighted neighbor joining method clearly separated 71 genotypes into two major clusters (Fig. 2) . Cluster I contained 41 released cultivars that are widely adapted to various agro-climatic zones in India, along with six improved lines and one landrace (Katila). The second cluster harbored 19 advanced breeding lines, one landrace Barwan and three released cultivars viz., Pusa 512, Pusa 391 and Pusa 408. Further, examination at subcluster level suggested that most of the genotypes harbored within the same sub-cluster are recommended for cultivation in the same agro-climatic zone of India. For instance, cultivars Pusa 256 and Pusa 372 belonging to sub-cluster (a) were released for both North West Plain Zone (NWPZ) and Central Zone (CZ). Likewise, RSG 11 and Pusa 261 existing in sub-cluster (d) were released for NWPZ. The majority of varieties belonging to sub-clusters (e)-(i) were released for NWPZ (see Fig. 2 ). Importantly, KWR 108 and JG 16 from sub-cluster (c) were released for North East Plain Zone (NEPZ) of India. While sub-cluster (b) containing cultivars 
Structure analysis
We dissected the population structure of the germplasm panel using Bayesian-based clustering approach with K values ranging from 1 to 10, which led the genotypes clustering into two distinct subpopulations (see Fig. 1 in Supplementary File). This pattern corroborated with the highest peak found at K = 2 (Fig. 3) . The first subpopulation comprised the released cultivars, whereas the rest of the genotypes remained in the second subpopulation representing predominantly the advanced breeding lines and germplasm accessions. The clustering pattern inferred from factorial analysis agreed with the results obtained from STRU CTU RE analysis. The genotypes existing in subpopulation of STRU CTU RE are contained in quadrants I and IV of factorial analysis (Fig. 4) , whereas the genotypes in subpopulation 2 of STRU CTU RE were represented by quadrants II and III. Similarly, as shown in Fig. 5 , two clusters were also recorded in PCoA with the PC1 and PC2 explaining 9.45 and 6.42%, respectively of the total variance. 
Analysis of MSI and SCMR
Combined ANOVA of MSI and SCMR recorded over 2 years suggested significant genetic difference among the genotypes (Table 3) . For the two traits, values for the range, median, standard error, and coefficient of variation are given in 
Association analysis
We attempted to discover MTAs through analyzing the genotyping data of 81 SSRs and two traits with GLM and MLM approaches. Concerning analysis of MSI (year 2016) with GLM, the markers NCPGR267, NCPGR206, H2L102, TA64, NCPGR156, and NCPGR238 showed significant associations, with phenotypic variation (PV) ranging from 6.1 to 20.2% (Table 5) . On the other hand, analysis with MLM approach for MSI (year 2016) uncovered significant association of five SSR markers (NCPGR267, NCPGR206, H2L102, TS53 and NCPGR156) with the trait accounting for PVs in the range of 8.5 and 22.2% (Table 6 ). Importantly, association of three SSR markers (NCPGR267, H2L102 and NCPGR206) with MSI trait was evident by both GLM and MLM in 2 years (2016 and 2017) . Likewise for SCMR data (2016), GLM revealed that the SSRs GA9, CESSR172, TA113, NCPGR199, CESSR114, ICCM0297 and NCPGR267 had significant association with the trait. In case of MLM, association of two SSR markers ICCM0297 and CESSR172 with the SCMR could be established. In 2017, GLM analysis suggested that TR31 and CESSR433 markers had significant association with SCMR (P values 0.04308 and 0.04755). The significant association of the SSR marker TR31 with SCMR trait was obtained in both MLM and GLM in the year 2017. Two important markers NCPGR206 and H2L102 showed consistently significant MTA for MSI trait recorded exclusively in the year 2016 and 2017 and mean data of 2016 and 2017 given the both GLM and MLM analysis. The quantile-quantile (Q-Q) plot of these calculated P values is depicted in Fig. 6 considering both GLM and MLM and the markers showed association with the studied traits by deviating from the null expectation (Fig. 6) . The significant MTA between the marker GA9 and SCMR trait was evident by both methods across 2 years. The SSR markers viz., NCPGR206, H2L102 and GA9 showing stable MTAs with MSI and SCMR traits could be potentially harnessed in future chickpea breeding for improving HS tolerance.
Candidate gene identification
The SSR markers showing significant MTAs were BLASTed against the Kabuli genome (CDC frontier) sequence of chickpea (Varshney et al. 2013 ) for gene prediction. For MSI, two proteins including ATPase/AAA-type/ATPbinding protein, and zinc finger/C2H2-type were predicted from the sequence showing homology with the SSR markers showing association with the trait. Similarly for SCMR, five proteins viz., Domain of unknown function DUF1084, DNA glycosylase/AP lyase, H2TH DNA-binding, zinc finger, Nitrilase/cyanide hydratase and apolipoprotein N-acyltransferase and Aquaporin NIP were predicted (Table 7) .
Discussion
Knowledge about the genetic diversity within crop's gene pool is a prerequisite for improving gains in breeding programs of crops (Upadhyaya et al. 2008; Ghaffari et al. 2014 ). Introduction of novel alleles to the cultivated pool holds the potential to break the yield ceiling (Choudhary et al. 2012a ). 
GA9
LG5 0.04221 17.5 In this respect, molecular markers such as SSR are promising in discerning genetic diversity at DNA level. Also, the marker systems have been efficiently recruited for identifying important MTAs to accelerate trait improvement in chickpea (Hüttel et al. 1999; Udupa et al. 1999; Upadhyaya et al. 2008; Bharadwaj et al. 2011; Sefera et al. 2011; Choudhary et al. 2012a ). In the present study, a total of 319 alleles with an average of 3.9 alleles per locus were recovered from 71 chickpea genotypes assayed with 81 SSRs. The results suggested the presence of moderate level of genetic diversity in the studied panel. This finding showed agreement with the previous reports (Ghaffari et al. 2014; Hajibarat et al. 2015) , which also suggested lesser genetic diversity among cultivated chickpea genotypes. A moderate value of average PIC and lower count for average alleles per locus noted here might be due to inclusion of cultivated genotypes. Inclusion of various chickpea wild species and landraces could produce higher PIC value and higher number of allele count per locus as suggested by Upadhyaya et al. (2008) and Ghaffari et al. (2014) . The level of heterozygosity ranged from 0.3 (GA105) to 0.83 (TS54) with a mean of 0.6, which was in accordance with the values obtained by Upadhyaya et al. (2008) and Hajibarat et al. (2015) . A positive association between number of alleles and PIC value observed in this study was congruent with the results reported previously by other researchers in chickpea (Upadhyaya et al. (2008) and Sefera et al. (2011) . Increasing trends of genetic diversity based on PIC values calculated in the cultivars released in the early decades of seventies and post decades of eighties reflected in the our study were similar with the results obtained by Sefera et al. (2011) . Additionally, Thudi et al. (2016) have also evidenced increase in genetic diversity based on the presence of higher copy number variations (CNVs) in chickpea varieties released after the year 2002. A decade wise analysis of 59 Indian pigeonpea varieties with 60 SSR markers showed a near constant genetic diversity over the last 50 years . A trend of depicting progressive increase in genetic diversity was reported in rice using SSR analysis of varieties released from 1970 to 2000 in India (Choudhary et al. 2013b) . Moreover, results of UPGMA and sub-cluster analysis indicated limited genetic diversity among the cultivars released for the same agro-climatic zone.
Population structure analysis unravels the existing genetic diversity across the collection. In recent years, previous studies have shed light into the genetic structure of chickpea using SSR and SNP markers (Kujur et al. 2013; Diapari et al. 2014; Thudi et al. 2014; Bajaj et al. 2015a; De Giovanni et al. 2017) . In our analysis, the patterns arising from STRU CTU RE were consistent with those obtained from distancebased clustering methods (NJ and PCoA analyses). Of the two major clusters, released varieties grouped within one cluster, while the other group retained advanced breeding lines and accessions. A previous report in chickpea divided the entire genotypes into two distinct groups: desi and kabuli types (Upadhyaya et al. 2008 ). More recently, population structure analysis of 103 chickpea accessions yielded three distinct subpopulations (De Giovanni et al. 2017) .
Elucidating the genetic architecture of complex traits in crops is crucial to accelerated trait improvement and association mapping has emerged as a robust technique in this respect (Huang and Han 2014) . In chickpea, genome-wide genetic variants showing association with a range of agriculturally important traits including drought, HS, zinc and iron content, 100 seed weight, seed coat color, seed protein content, flowering time were discovered by employing Diapari et al. 2014; Bajaj et al. 2015b; Upadhyaya et al. 2015 Upadhyaya et al. , 2016a . Stress conditioned by heat is reported to cause severe deterioration in chickpea yield (see Jha et al. 2017 ). In the context, identification of DNA markers that could enable rapid selection of the traits underlying HS tolerance is of great significance. The MSI and SCMR traits have been extensively studied as indicators to improve HS tolerance in several crops such as sorghum (Sullivan 1972 ), wheat (Talukder et al. 2014 , etc. Our observation of significant genetic variation for these two traits is in line with the earlier findings documented in chickpea with respect to MSI and SCMR under HS Thudi et al. 2014) . High heritability was recorded for MSI (74.1%) in comparison to SCMR (48.9%).
To the best of our knowledge, this study is the first to report MTAs for MSI and SCMR in chickpea, two important physiological parameters associated with HS tolerance. Importantly, we found three SSR markers NCPGR206, NCPGR267, and H2L102 that consistently showed significant association with MSI. Similarly, the SSRs TR31 and GA9 on LG2 and LG5, respectively, had significant MTA. Considering MSI and chlorophyll content as important physiological parameters for drought tolerance in wheat, Elshafei et al. (2013) identified five SRAP markers linked to chlorophyll content QTL with PV up to 53%. The authors also reported another five SRAP markers linked with the QTL underlying MSI trait, which explained up to 44% PV. Recently, five QTLs associated with plasma membrane damage trait were mapped in wheat on chromosomes 7A, 7B and 7D based on the analysis of a bi-parental mapping population under HS (Talukder et al. 2014) . Also, seven QTLs explaining PV up to 30.8% were identified on chromosomes 6A, 7A, 1B and 1D in wheat for SCMR chlorophyll content under HS. An earlier study aimed to dissect traits relevant to drought and HS in chickpea revealed more than 300 MTAs, the majority of which were related to 100-seed weight trait. Importantly, the MTAs for two important traits viz., 100-seed weight and δ 13 C coincided with the "QTL-hotspot" of Varshney et al. (2014) on LG4.
Limited studies have been performed that describe the candidate genes and their corresponding function for membrane stability and chlorophyll-related traits in relation to HS tolerance in plants (Jespersen et al. 2017 ). In our current study, the candidate gene Ca_05237 underlying MSI and SCMR-associated NCPGR267 marker region was predicted to encode ATPase/AAA protein. Overexpression of ZmSKD1 gene encoding putative ATPase/AAA protein exhibiting drought tolerance has been recorded in tobacco (Xia et al. 2013) . Given the reported involvement of zinc finger proteins (ZNP) in regulation of abiotic stress tolerance in plants, the markers NCPGR238 and TA113 associated with MSI and SCMR were found to reside within the genomic region that encodes zinc finger or RING-type protein. Role of zinc finger or RING-type protein in conferring HS tolerance has also been reported (Liu et al. 2015; Zhang et al. 2012) . Contribution ofaquaporins towards plant's tolerance to abiotic stresses including HS has been documented in various crops (Afzal et al. 2016; Obaid et al. 2016) , and we observed SCMR-associated marker TA113 coincided with genomic region encoding aquaporin NIP/major intrinsic protein. Likewise, SCMR-associated CESSR172 marker region was predicted to encode DNA glycosylase/AP lyase protein, which is involved in imparting tolerance to abiotic stresses as elucidated from its higher expression in Arabidopsis (Chen et al. 2012 ). However, we advocate further confirmation for the MTAs established in the present study in other genetic backgrounds prior to deploying these DNA markers in breeding chickpea for HS tolerance.
Conclusion
We conclude that the genetic diversity among cultivars and advanced breeding lines along with accessions could be exploited for broadening the genetic base of chickpea and breeding superior chickpea cultivars. After validation of the preliminary results of association mapping for MSI and SCMR might be helpful for screening of HS tolerance genotype. The putatively linked genomic regions may be investigated in greater detail for better understanding of HS tolerance in chickpea.
